A mutation in the gene that encodes Saccharomyces cerevisiae TFIID (SPT15), which was isolated in a selection for mutations that alter transcription in vivo, changes a single amino acid in a highly conserved region of the second direct repeat in TFIID. Among eight independent sptl5 mutations, seven cause this same amino acid change, Leu-205 to Phe. The mutant TFIID protein (L205F) binds with greater affinity than that of wild-type TFIID to at least two nonconsensus TATA sites in vitro, showing that the mutant protein has altered DNA binding specificity. Site-directed mutations that change Leu-205 to five different amino acids cause five different phenotypes, demonstrating the importance of this amino acid in vivo. Virtually identical phenotypes were observed when the same amino acid changes were made at the analogous position, Leu-114, in the first repeat of TFIID. Analysis of these mutations and additional mutations in the most conserved regions of the repeats, in conjunction with our DNA binding results, suggests that these regions of the repeats play equivalent roles in TFIID function, possibly in TATA box recognition.
The eukaryotic general transcription factor TFIID plays a central role in transcription initiation. Binding of TFIID to the TATA box of RNA polymerase II-dependent promoters is the first step in the assembly of a complex that contains RNA polymerase II and at least four other general transcription factors (TFIIA, TFIIB, TFIIE, and TFIIF) (5, 6, 60) . This initiation complex is sufficient to support basal levels of transcription in vitro (11, 32, 44, 45, 49, 50) . In addition, previous studies have shown that TFIID is important in vivo; in yeast cells, it is essential for growth and for normal transcription (7, 13) .
TFIID has been studied in vitro in some detail, and it has been shown to be capable of several interactions: binding to DNA, interactions with other general factors, and interactions with transcription regulatory factors (for a review, see reference 42) . Since it is the first step in the assembly of the general initiation complex, binding of TFIID to DNA is thought to be a likely target for the regulation of transcription initiation. In support of this idea, several studies have suggested that TFIID interacts with a number of specific transcription activator proteins (21, 22, 25, 30, 51, 56) . In addition, another class of transcription regulatory proteins, variously termed coactivators, mediators, or adaptors, may be required to relay a signal from some specific transcription activators to the general initiation complex via an interaction with TFIID (3, 28, 41) . Finally, other results suggest that TFIID may prevent the formation of inactive chromatin over a promoter (69) . These in vitro studies indicate that activators may directly facilitate binding of TFIID to the promoter to overcome repression by nucleosomes (68, 70, 71) .
Genes that encode TFIID have been isolated from a number of species, and a comparison of the predicted amino acid sequences shows a very high degree of conservation (80 to 90% identity) in the carboxy-terminal 180 amino acids of these proteins (for a review, see reference 42) . Within this carboxy-terminal region there are two imperfect repeats of approximately 60 amino acids that are 30% identical (7, 18, * Corresponding author. 34, 57) . Deletion analysis of yeast TFIID has demonstrated that the carboxy-terminal region is essential for growth in vivo (40) and transcription and DNA binding in vitro (24, 43) . Analysis of dominant negative mutations that change amino acids in the direct repeats of TFIID and that abolish DNA binding suggested that the two repeats form a bipartite DNA binding domain (43) . In contrast to the carboxy termini, the amino-terminal regions of TFIID proteins from different species show no striking similarity. For human and Drosophila melanogaster TFIID, the amino-terminal regions have been implicated as targets for the action of regulatory proteins (39, 41) . In yeast strains, the requirement for this region in normal transcription remains unclear; however, strains that encode only the carboxy-terminal region of TFIID are viable (10, 14, 40, 43, 72) .
We have previously reported the isolation of mutations in the Saccharomyces cerevisiae SPTJ5 gene, which encodes TFIID (13) . These mutations were identified as suppressors of insertion mutations in the 5' regions of the HIS4 and LYS2 genes caused by the yeast retrotransposon Ty or its solo long terminal repeat derivative (5) . These insertion mutations inhibit adjacent gene expression by abolishing or otherwise altering transcription (for a review, see reference 4). Previous work showed that mutations in several SPT (suppressor of Ty) genes, including at least one mutation in SPT15, suppress these insertion mutations by restoring functional transcription (for reviews, see references 4 and 62).
To begin to correlate the transcriptional changes observed in sptl5 mutants in vivo with the biochemical defects of the mutant TFIID gene products in vitro, we have used biochemical and genetic approaches to study the defects caused by one particular sptl5 mutation. Here we report that this sptl5 mutation, sptl5-122, changes an amino acid in a highly conserved region of the second repeat in TFIID. This amino acid change leads to altered DNA binding in vitro and altered transcription initiation in vivo. In addition, analysis of mutations causing other related amino acid changes strongly suggests that the highly conserved region of both repeats participates in the same aspect of a critical TFIID function, possibly DNA recognition.
MATERIALS AND METHODS
Plasmids. Plasmids were constructed and isolated from Escherichia coli strains by using standard methods (2) . DNA transformations into E. coli HB101 were performed as described previously (2) . For use in DNA sequencing, plasmids were isolated by the alkaline lysis method. Isolation was followed by equilibrium sedimentation in CsCl gradients. Restriction enzymes and T4 DNA ligase were purchased from New England BioLabs (Beverly, Mass.) and Boehringer Mannheim Biochemicals (Indianapolis, Ind.).
One plasmid (pDE38-9) used for the gapped rescue of sptlS mutant alleles contains a 6.6-kb ClaI-SacI restriction fragment from the plasmid pFW213 (13) subcloned into the ClaI-SacI sites of pRS316 (CEN6 ARSH4 URA3) (54) . A second plasmid (pDE59-1) used for gapped rescue contains the same ClaI-SacI fragment cloned into pRS314 (CEN6 ARSH4 TRPI) (54) . The gapped rescue of the sptl5-122 gene (described later) from strain FW969 with plasmid pDE38-9 yielded the plasmid p969-1. The 6.6-kb ClaI-SacI restriction fragment from p969-1 was subcloned into the ClaI-SacI sites of the yeast-integrating plasmid pRS306 (54) to create the plasmid pKA13.
Plasmids for the expression of the wild-type and mutant SPT1S genes in E. coli were derivatives of the T7 RNA polymerase expression vector, pET3b (47) . The 2.4-kb EcoRI-BamHI fragment from pDE32-1 (13) (19) . The isolation of mutant sptlS genes was confirmed by transformation of the recovered plasmids into an sptl5 strain (FW1259 or FY255). For each sptl5 mutation, both strands of the sptl5 open reading frame were sequenced by using synthetic primers.
Strains, media, and Northern (RNA) hybridization analysis. Rich (YPD), minimal (SD), synthetic complete (SC), and sporulation media were prepared as described previously by Rose et al. (46) . Presporulation medium (GNA) was prepared as described previously by Swanson et al. (59) . The suppression of 8 insertion mutations at HIS4 and LYS2 and other nutrient auxotrophies were scored on SD media supplemented with the appropriate amino acids or SC media lacking the appropriate amino acid. Yeast transformants were selected on SC media lacking the appropriate amino acid, and ura3 strains were selected on SC media containing 5-fluoro-orotic acid (5-FOA) prepared as described previously (46 tetrad analysis of several transformants. These strains gave rise to haploid segregants in which the Ura+ and Leu+ phenotypes cosegregated.
For each site-directed mutation, an original diploid integrant or a haploid segregant (for nonlethal mutations) in which the plasmid recombined next to the sptl5 null locus was analyzed in two ways, Southern hybridization analysis and DNA sequencing of the mutation after recloning from the genome, to verify the presence of the desired mutation (64) . We found it necessary to confirm the presence of the site-directed mutation because occasionally different transformants with sptlS mutant plasmids unexpectedly gave rise to haploid segregants with a wild-type phenotype. Sequence analysis of plasmids recovered from such wild-type segregants revealed that these strains had in fact lost the desired mutation, presumably by recombination or gene conversion with the SPT1S copy in the diploid or with the adjacent sptlSAl Ol::LEU2 locus.
For those mutations that did not cause lethality, the phenotype conferred by the mutation was also determined in the absence of the adjacent sptlS null locus after selection on 5-FOA. The site-directed mutations that encode amino acid changes in TFIID are as follows: sptl5-301 for L114F, sptl5-302 for G119V, sptl5-303 for L205A, sptl5-304 for L205I, sptl5-305 for L205K, sptl5-306 for G21OV, sptlS-309 for L114A, sptl5-310 for L1141, sptlS-311 for L114K, sptl5-312 for G119P, sptl5-313 for K127A, sptlS-314 for K127R, sptl5-315 for L205D, sptl5-316 for G210P, sptlS-317 for K218A, and sptl5-318 for K218R.
Northern hybridization analysis was performed as described previously by Swanson et al. (59) .
Expression and purification of TFIID. E. coli BL21(DE3)/ pLysS (58) was transformed with plasmids pKA9 and pKA10. Transformed strains were grown at 30°C in LB broth containing 25 ,ug of ampicillin per ml and 30 ,ug of chloramphenicol per ml to an optical density at 600 nm of 0.4. IPTG (isopropyl-,-D-thiogalactopyranoside) was added to a final concentration of 0.4 mM, and incubation at 30°C was continued for 90 min. Proteins were purified by using the method of Schmidt et al. (53) 42 for reference mutation that was sequenced, sptl5-21 (13) , c acid change elsewhere in the second repe described in a separate report (12 (Fig. 2A) (Fig. 3A) . The position of each site of protection within the s). The eighth his4-9128 5' region is diagrammed in Fig. 3B 5 ' region suggests that the L205F amino acid change in TFIID leads to altered or relaxed specificity for TATA sites, since these sites contain sequences that resemble TATA boxes but that deviate from the consensus TATAAA sequence by at least 1 bp (Fig. 3C) .
The increased binding by TFIID-L205F to sites II and III has been reproducibly observed by using three different preparations of TFIID and TFIID-L205F purified from bacteria by three different procedures (1) . Furthermore, the altered binding by TFIID-L205F cannot be attributed to any contaminating proteins in the final preparation, since extracts prepared from E. coli strains that contain the pET3b expression vector (47) lacking the SPT15 gene do not bind to the his4-9128 fragment, nor do these extracts affect the binding of TFIID (1) .
In addition to the altered DNA binding specificity observed with the his4-9128 promoter fragment, the TFIID-L205F protein exhibits some qualitative difference in binding to the adenovirus major late TATA box. At this promoter, DNase I protection by wild-type TFIID extends from -19 to -35 relative to the start site of transcription, while protection by TFIID-L205F extends from -22 to weak protection at -39 (Fig. 4) . Thus, relative to binding by wild-type TFIID, binding by TFIID-L205F appears to be shifted approximately 3 bp away from the site of transcription initiation. In addition, the mutant TFIID has reduced affinity for the adenovirus major late TATA box. Although TFIID-L205F has decreased affinity for this TATA box, it has nearly wild-type affinity for the 8 TATA box. Since both of these sites have the consensus TATA sequence, TATAAA, this difference is likely to be due to flanking sequences.
The direct repeats of TFIID function similarly in vivo. Since the L205F amino acid change affects transcription and DNA binding and since Leu-205 is in a very highly conserved region of TFIID, we made additional changes within this region of each repeat and assayed their phenotypic and transcriptional effects in vivo. In particular, we used oligodirected mutagenesis to introduce specific amino acid changes in TFIID at position 205, as well as at positions 210 and 218 in the second repeat and at the equivalent positions in the first repeat (amino acids 114, 119, and 127). These mutations were integrated into the genome, and their effects were analyzed in haploid strains in the absence of any other functional SPT15 gene (see Materials and Methods).
For the first set of mutations, we changed Leu-205 to four other amino acids with different size and/or charge properties: Ala, Ile, Lys, and Asp. Strains containing these four substitutions at Leu-205 have four different phenotypes; L205A is Spt-, although the phenotype is somewhat weaker than that conferred by L205F; L205I is wild type; L205K is Spt+ but extremely temperature sensitive for growth; and L205D is inviable (Fig. 5 and Table 2 ). Including the initial L205F change, then, five distinct phenotypes are conferred by five different amino acid substitutions at Leu-205; this result strongly suggests that some important aspect of TFIID function is sensitive to changes at this position.
Since most changes which we examined at position 205 allowed viability but caused distinct mutant phenotypes, these findings provided us with a sensitive assay for testing the functional similarity of the direct repeats. When the analogous amino acid in the first repeat, (33) . Brackets (1) .
The isolation of a mutation in the most conserved region of a direct repeat of SPT15 has allowed us to address questions concerning the functional similarity of these regions of the TFIID repeats. Different amino acid substitutions at position 205 and nearby in the second TFIID repeat cause a broad spectrum of mutant phenotypes that cannot simply be due to loss of function. This same spectrum is conferred by the analogous amino acid changes in the first TFIID repeat. Therefore, these findings provide strong evidence that the highly conserved regions of the two repeats play equivalent roles in a common function of the protein.
In addition, the results from our mutational studies of the TFIID repeats argue against the importance of the previously reported weak homology between TFIID and regions 2.3 and 2.4 of bacterial sigma factors (20, 23) . A region analogous to the reported sigma factor homology region (amino acids 181 to 211 in the second TFIID repeat) is not present in the first TFIID repeat because of sequence differences between the repeats. However, amino acid substitutions at positions 205 and 210 of TFIID and, in the first repeat, at positions 114 and 119 strongly suggest that these regions perform very similar functions. Moreover, the L205K substitution, which improves the similarity between TFIID and virtually all known sigma factors (16) , severely impairs TFIID function in vivo.
Our in vitro studies with purified wild-type and mutant (L205F) TFIID proteins suggest that the direct repeats of TFIID play a role in TATA box recognition and binding. Relative to binding by wild-type TFIID, TFIID-L205F exhibits both qualitative and quantitative differences in DNA binding. At the adenovirus major late TATA box, the mutant TFIID protein has a pattern of DNase I protection that is altered compared with that of wild-type TFIID, implying a possible conformation difference between the two proteins. The pattern of binding of the TFIID-L205F mutant protein to the his4-9126 region (increased affinity for nonconsensus TATA boxes at sites II and III) (Fig. 3) suggests that the mutant protein has a relaxed specificity for TATA sites, since it binds with comparable affinity to a number of TATA-like sequences, including two that are only weakly recognized by wild-type TFIID. Previous experiments have shown that wild-type TFIID has little or no function at these particular TATA box variants (8, 67) . Additional experiments will be needed in order to determine the preferred sequence requirements, if any, of TFIID-L205F.
These results extend previous structure-function studies that demonstrated that certain dominant-negative mutations and small internal deletions within the TFIID repeats completely eliminate DNA binding (24, 43) . Some of the amino acid changes that abolish DNA binding (43) are just 2 positions away from the L205F change which we have studied in this work. In contrast to these earlier studies that focused primarily on loss-of-function mutations in SPT15, the genetic selection that yielded the sptl5-122 mutation, which encodes the L205F change, required viability and altered gene expression and, therefore, resulted in the isolation of a mutation that altered but did not eliminate DNA binding. Since loss of function could be caused by a variety of nonspecific effects, such as the disruption of protein structure or improper localization, the gain-of-function change, L205F, provides more compelling evidence that this region of the protein is important either directly or indirectly for DNA recognition. Furthermore, our mutant analysis suggests that, in addition to this region of the second TFIID comparison of panels A and B demonstrates the ability of the strains to suppress the his4-9178 insertion mutation (the Spt-phenotype). In panels A and B, the plates were incubated at 30°C. A comparison of panels C and D demonstrates the temperature sensitivity of the strains on YPD media. For all plates, growth after 3 days of incubation is presented.
repeat, the same region of the first repeat is also important for DNA recognition. We attempted to address this issue by examining the DNA binding properties of TFIID-L114F purified from E. coli. However, this protein is extremely unstable in vitro, and we have been unable to obtain active protein for DNA binding studies.
Assuming that TFIID-L205F also has altered DNA binding properties in vivo, and on the basis of the many types of interactions that TFIID makes with other molecules, several models can be proposed to explain the transcriptional effects of this amino acid change in vivo. Furthermore, altered binding at different promoters could cause transcriptional changes by different mechanisms. For one case studied, his4-9125, the 5' region contains two promoters, the 8 promoter and the HIS4 promoter ( Fig. 2B and 3B ). Previous analysis demonstrated that transcription initiates primarily at the 8 initiation site in SPTJ5+ his4-9128 strains. Additional studies of cis-acting mutations at or near the 8 and HIS4
TATA boxes that caused a shift in initiation to the wild-type HIS4 site suggested that the choice of initiation sites was decided by a competition between the two promoters (17) . Other experiments suggested that chromatin structure may play a role in mediating this competition (9) . In our present work, we have shown that in sptlS-122 his4-9128 strains, the wild-type-length HIS4 transcript is the predominant message. Therefore, in some way, TFIID-L205F alters the competition between the 8 and HIS4 TATA regions, resulting in a change in transcription initiation.
The (1) . Second, in vivo, the TFIID-L205F protein may actually have increased affinity for all TATA and near-TATA sequences. This possibility is supported by the observation that TFIID-L205F is unstable in a variety of storage conditions with respect to binding at all TATA sequences examined (see Materials and Methods); therefore, it seems likely that our preparations of TFIID-L205F contain fewer active molecules than our preparations of wild-type TFIID and that the observed differences in binding between mutant and wild-type proteins may be underestimated.
In alternative models, TFIID-L205F may alter the competition between the 8 and HIS4 TATA sites at his4-9128 by binding to the nonconsensus TATA site II, site III, or both. This binding could allow the formation of functional transcription initiation complexes at these sites that would directly contribute to transcription from the HIS4 initiation site. However, the distance (150 bp) between the HIS4 initiation site and the closest of these TATA-like sequences, site II, is somewhat greater than that normally found in S. cerevisiae (15, 35) . Alternatively, binding of TFIID-L205F to these nonconsensus TATA sites could increase initiation at HIS4 indirectly, by altering chromatin structure throughout the region. In support of the latter model, in vitro studies have shown that TFIID can compete with nucleosomes for DNA binding (69) , and in vivo studies have shown that mutations in the genes that encode histones H2A and H2B (HTAI and HTB1) cause transcriptional effects at his4-9128 virtually identical to those observed in sptl5-122 mutants (9) .
In summary, we have shown that a particular amino acid change in a highly conserved region of TFIID causes altered DNA binding. Our results also strongly suggest that this region in each of the two direct repeats of TFIID plays important and equivalent roles in TFIID function, possibly in TATA box recognition. Distinguishing among possible mechanisms of suppression of his4-9128 by sptl5-122 should increase our understanding of the factors that govern TFIID function in vivo. In addition, isolation of both extragenic and intragenic suppressors of sptl5-122 and related mutations, coupled with further biochemical analysis of TFIID mutants, should lead to a greater understanding of the components that regulate the binding specificity of TFIID in vivo.
amino acid changes 1194F and L205V, both of which are necessary for the observed altered specificity.
